and 8 < p T < 30 GeV. Promptly produced J/ψ mesons are selected by requiring the distance between the dimuon vertex and the interaction point be smaller than 2.5 times its uncertainty.
The analysis uses χ c → J/ψ γ decays, with the J/ψ decaying to a dimuon. The photons are detected through their conversions to e + e − in the beam pipe and in the material of the silicon tracker, starting from two oppositely charged tracks, of which one has at least four tracker hits and the other at least three. The tracks must have a small angular separation, a small distance of closest approach, a conversion vertex at least 1.5 cm away from the beam axis, and a χ 2 probability of the kinematic fit imposing zero mass and a common vertex that exceeds 0.05%. A more detailed account of the reconstruction and selection procedures is given in Refs. [18, 19] . The photons must have p T > 0.4 GeV and |η| < 1.5. If the distance along the beam axis between the dimuon vertex and the extrapolated photon trajectory is smaller than 5 mm, a χ c candidate is formed through a kinematic fit of the dimuon-photon system, constraining the dimuon mass to the J/ψ mass [49] , the dielectron mass to zero, and requiring that the two muons and the photon have a common vertex. Only χ c candidates with a fit χ 2 probability larger than 1% and invariant mass between 3.2 and 3.75 GeV are kept for the evaluation of the χ c1 and χ c2 yields. After all selection criteria, the event samples used to perform the analysis, in the J/ψ p T ranges 8-12, 12-18, and 18-30 GeV, contain around 103 000, 106 000, and 45 000 χ c candidates, respectively.
The seemingly natural way to measure the χ c1 and χ c2 polarizations is to determine the angular distribution of the considered χ c decay; in the present case, this means the distribution of the photon direction in the χ c rest frame. However, that distribution depends not only on the χ c angular momentum composition, but also, and possibly in a very significant way, on the (poorly known) contributions of photons with large orbital angular momentum (J γ > 1). A cleaner determination of the χ c polarization is obtained by measuring the dilepton angular decay distribution in the rest frame of the daughter J/ψ [50] . It is crucial to choose as polarization axis for the J/ψ decay not the J/ψ direction in the χ c rest frame, as usually done in cascade decays, but rather any axis (center-of-mass helicity or Collins-Soper [51] , for instance) defined in terms of the beam momenta in the J/ψ rest frame and ignoring its origin, as if it were observed inclusively. Contrary to what happens when measuring the photon distribution in the χ c rest frame, the latter choice leads to measurements that are insensitive to the higher-order multipoles and reflect only the polarization state of the mother χ c . The present analysis is performed in the center-of-mass helicity frame [52] and does not use the measured photon momentum, except to select, through the J/ψ γ invariant mass distribution, the J/ψ mesons resulting from χ c1 or χ c2 decays. The dimuon angular decay distribution is parametrized with the function [53] W(cos ϑ, ϕ| λ)
where ϑ and ϕ are the polar and azimuthal coordinates of the positive lepton direction in the J/ψ rest frame, the system of axes being defined with z in the direction of the polarization axis and y perpendicular to the production plane. The χ c angular momentum composition is encoded the χ c2 /χ c1 yield ratio as a function of |cos ϑ| or ϕ. Detector effects (trigger, data reconstruction, event selection) cancel to a large extent in the ratio and have a negligible impact on the results.
The analysis is independently performed in three J/ψ p T ranges: 8-12, 12-18, and 18-30 GeV. In each range, the events are split into subsamples corresponding to six equidistant ϕ bins between 0 and 90 • . Folding ϕ into the first quadrant reduces the effect of the statistical fluctuations without any loss of information, given the four-fold ϕ symmetry that the angular distributions obey. For each p T bin, the six J/ψ γ invariant mass distributions are simultaneously fitted with an unbinned maximum likelihood fit. In the mass fit model, identical for all ϕ bins, each of the χ c1 and χ c2 signal peaks is represented by a double-sided Crystal Ball (CB) function [55] , which complements a Gaussian core distribution with lower and upper power-law tails. The underlying combinatorial background, reflecting uncorrelated J/ψ γ associations, is parametrized by an exponential function multiplied by a term that provides a low-mass turndown,
where m is the J/ψ γ invariant mass and µ bg , σ bg , and λ bg are shape parameters. Although the results of this analysis are insensitive to the presence of a small peak reflecting the χ c0 decays, the fit model includes this background term, represented by a Breit-Wigner convolved with a Gaussian resolution function. To minimize fit instabilities, the χ c0 shape and yield parameters are determined from the corresponding parameters of the χ c1 term. The simultaneous fit has the advantage of reducing by a factor of six the number of free parameters defining the shapes of the signal and background mass models, by requiring that those parameters are independent of ϕ, an assumption validated by studies of simulated and measured event samples. The parameters of interest resulting from this fit are the six χ c2 /χ c1 yield ratios.
The analysis is also performed as a function of |cos ϑ|, splitting the events in 6, 7, or 5 |cos ϑ| bins, depending on the p T range. The |cos ϑ| coverage is smaller in the lowest p T range (up to 0.45 instead of up to 0.625) because those events are the ones most affected by the single-muon p T cut. Analogously to the procedure just described for the ϕ dimension, the χ c2 /χ c1 yield ratios are obtained as a function of |cos ϑ| through a simultaneous fit of the J/ψ γ invariant mass distributions. In this case, however, some of the shape parameters (such as the mass resolutions) show a slight correlation with |cos ϑ|, so that they are not required to be independent of |cos ϑ|. While some parameters are unconstrained, others are required to depend linearly on |cos ϑ|, as an intermediate way of minimizing the number of free parameters. Figure 1 shows one of the simultaneously fitted J/ψ γ invariant mass distributions. The two signal peaks are well resolved, with widths around 6 MeV, consistent with the predictions from simulation. All of the fitted χ c mass distributions show good fit qualities, as judged from the χ 2 between the binned distributions and the fitted functions, the worst case giving χ 2 = 601 for 569 degrees of freedom (ndf).
The χ c2 /χ c1 yield ratios provided by the fits of the χ c mass distributions are corrected for the slightly different acceptances and efficiencies for the detection of the two states, using finegrained acceptance times efficiency three-dimensional maps, A(|cos ϑ|, ϕ, p T ), computed with large samples of simulated events. The corrected ratios are reported in Tables A.1 and A.2 of Appendix A, and shown in Fig. 2 , where it can be seen that the uncorrected and corrected values are almost identical, apart from normalization factors irrelevant for the determination of the polar and azimuthal anisotropies.
Several sources of potential systematic effects have been considered, by redoing the analysis with different inputs and comparing the obtained results with the nominal ones. The results are insensitive to variations of the thresholds used to reject the nonprompt contamination from b hadron decays, estimated to be around 5%, or events with a poor kinematic vertex fit quality 
where ν is left free, λ is fitted to a constant, and x 0 = 3.2 GeV, a value determined in fits to the backgroundonly mass distributions obtained by excluding the 3.37-3.6 GeV region. The sensitivity of the results to the acceptance and efficiency corrections was evaluated by redoing the analysis with maps computed with alternative single-muon and photon detection efficiencies, as well as with simulated samples generated with different p T /M shapes for each of the two χ c states. All effects lead to similar variations in the yields of the two states and cancel, to a large extent, in the χ c2 /χ c1 ratio, apart from a normalization shift that has no impact on the angular anisotropies.
The χ c2 to χ c1 yield ratios as a function of ϕ, shown in Fig. 2 (left) , are compatible with being flat, excluding large differences in azimuthal anisotropy, as exemplified by the two curves compared to the data points in the second p T range. These curves represent the simplest conceivable polarization hypotheses leading to large azimuthal effects in the helicity frame: χ c1 and χ c2 have maximally different polar anisotropies in the Collins-Soper frame, corresponding to specific alignments of their angular momentum vectors along the collision direction (J
, for the dotted and dash-dotted curve, respectively). In fact, the change from the Collins-Soper to the helicity quantization axis is almost a 90 • rotation, transforming polarized distributions into azimuthally anisotropic ones. This uniform ϕ behavior confirms the choice of the helicity axis as the one that, as expected in this kinematic regime, should reflect most closely the natural alignment of the angular momentum vector, maximizing the polar anisotropy effects. ϑ values that are significantly different from zero (and even tend to be outside the physically allowed range). The NRQCD prediction is, instead, in good agreement with the measurement.
In summary, the polarizations of promptly produced χ c1 and χ c2 mesons have been measured in pp collisions at √ s = 8 TeV. The analysis uses the J/ψ γ decay channel in three J/ψ p T ranges between 8 and 30 GeV. The measurement, made in the helicity frame, shows a significant difference between the polar anisotropy parameters λ χ c1 ϑ and λ χ c2 ϑ . The result strongly disfavors, in particular, the unpolarized scenario uniformly observed in the J/ψ, ψ(2S), and Υ measurements. Remarkably, the measurement agrees with the NRQCD prediction. This result provides a new piece in the experimental scenario of quarkonium production at mid-rapidity and the first significant indication of kinematic differences between the various quarkonia. It should improve the understanding of hadron formation and of the interplay between the long-and short-distance aspects of the strong interaction.
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